Objective: Heart failure (HF) is associated with intermittent hypoxia, and the effects of this hypoxia on the cardiovascular system are not well understood. This study was performed to compare the effects of acute hypoxia (10% oxygen) between patients with and without HF. Methods: Fourteen patients with chronic HF and 17 matched control subjects were enrolled. Carotid artery changes were examined during the first period of hypoxia, and brachial artery changes were examined during the second period of hypoxia. Data were collected at baseline and after 2 and 4 minutes of hypoxia. Norepinephrine, epinephrine, dopamine, and renin were measured at baseline and after 4 minutes hypoxia. Results: The carotid blood flow, carotid systolic diameter, and carotid diastolic diameter increased and the carotid resistance decreased in patients with HF. Hypoxia did not change the carotid compliance, distensibility, brachial artery blood flow and diameter, or concentrations of sympathomimetic amines in patients with HF, but hypoxia increased the norepinephrine level in the control group. Hypoxia increased minute ventilation and decreased the oxygen saturation and end-tidal carbon dioxide concentration in both groups. Conclusion: Hypoxia-induced changes in the carotid artery suggest an intensification of compensatory mechanisms for preservation of cerebral blood flow in patients with HF.
Introduction
Heart failure (HF) is associated with intermittent periods of hypoxia. In healthy individuals, hypoxia increases the respiratory rate (RR) and sympathetic activity and changes peripheral vascular reactivity. 1 Acute hypoxia results in arterial vasodilation, but this vasodilation diminishes after prolonged periods of hypoxia. In patients with HF, the effects of intermittent hypoxia on the cardiovascular system are not well understood. Patients with HF have left ventricular dysfunction resulting in decreased cardiac output, which is offset by compensatory mechanisms to prioritize blood flow to the heart and brain. 2 The effects of hypoxia on cerebral and peripheral blood flow and the neurohumoral system are not fully understood. The cardiovascular effects of hypoxia result from complex interactions between the direct effects of hypoxia on the heart and peripheral vessels and chemoreceptor stimulation. 3 Chemoreceptors are located mainly in the aorta and carotid arteries and play a key role in detecting changes in the blood oxygen concentration. The responses to hypoxia that result in improved organ perfusion, increased cardiac output, and peripheral vasodilation in healthy individuals may not be the same in patients with HF. 4 Chemoreceptors are continuously stimulated in patients with HF, and transient periods of acute hypoxia may therefore not have an additional effect on the compensatory mechanisms, particularly in patients with New York Heart Association (NYHA) functional class II to IV HF. The present study was performed to evaluate the effects of acute hypoxia on the elastic properties of the carotid and brachial artery blood flow, ventilation, and the plasma levels of norepinephrine, epinephrine, dopamine, and renin.
Methods

Ethical approval
All patients provided written informed consent for inclusion in the study. The study protocol was approved by the institutional ethics committee. The study adhered to the principles of the latest revision of the Declaration of Helsinki.
Patients
We studied patients with HF (NYHA functional class II-IV) diagnosed by history, physical examination findings, and a resting left ventricular ejection fraction on echocardiography of 0.35 (mean, 0.31 AE 0.04; range, 0.25-0.35). The causes of HF were alcoholic cardiomyopathy, idiopathic cardiomyopathy, and peripartum cardiomyopathy, and medical treatments included digoxin, diuretics, and angiotensinconverting enzyme inhibitors. Angiotensinconverting enzyme inhibitors and diuretics were withheld for 24 hours before the study.
We also examined a control group of healthy subjects who were matched with the patient group for age, sex, and body mass index. All control group subjects all had an unremarkable medical history and normal physical examination findings, and all were nonsmokers.
Two periods of hypoxia were studied. In the first period (P1), we examined responses in the carotid artery; in the second period (P2), we examined responses in the brachial artery. During each period, the studied parameters were recorded at baseline (B), after 2 minutes of hypoxia (H2), and after 4 minutes of hypoxia (H4). The study protocol is shown in Figure 1 .
Cardiovascular measurements
Blood pressure was measured using an upper arm sphygmomanometer by an automated oscillometric method (Dinamap 1466; Critikon, Tampa, FL). Heart rate (HR) was monitored by electrocardiography. Forearm blood flow (FBF) was measured in the right arm by venous occlusion plethysmography (model EC-4; DE Hokanson, Bellevue, WA) with a mercuryfilled strain gauge for approximately 10 seconds at 20-second intervals. Three readings were used to obtain each mean minute value. Forearm vascular resistance was calculated as the mean arterial pressure during a 1-minute recording divided by the mean minute FBF. Carotid and brachial artery images and the carotid artery blood flow velocity (CBF) and brachial artery blood flow velocity (BBF) were recorded as previously described 5, 6 using an ultrasound scanner (Apogee-800 plus; ATL, Bothell, WA) equipped with a high-resolution transducer (7.5 MHz) and a pulsed Doppler system. Image analyses were performed using a dedicated image workstation to determine arterial diameters and flow velocity curves. 7 Carotid artery elastic properties were examined by calculating distensibility and compliance according to the following equations 8 :
where D is distensibility, C is compliance, D s is the carotid artery diameter in systole, D d is the carotid artery diameter in diastole, SBP is the systolic blood pressure, and DBP is the diastolic blood pressure.
Carotid artery blood flow (CBF) was calculated using CBFV and the carotid artery cross-sectional area (during systole) according to the following equation 4 :
where CBFV is expressed in m/s, BSA is the body surface area (m 2 ), and 0.06 is the unit conversion factor. Brachial artery blood flow (BBF) was calculated similarly, using BBFV and the brachial artery cross-sectional area (during systole) according to the following equation:
BBF ¼
BBFV: pD 2 s BSA :4 :0:06 L:min À1 :m À2 ð Þ Carotid artery resistance and brachial artery resistance were calculated as the mean arterial pressure divided by CBF and BBF, respectively (mmHg/L Á min À1 Á m À2 ).
Respiratory measurements
The end-tidal carbon dioxide concentration (EtCO 2 ) was measured by capnography, and the oxygen saturation (SatO 2 ) was measured with a pulse oximeter (CO 2 SMO model 7100 EtCO 2 /SpO 2 Monitor; Novametrix Medical Systems Inc., Wallingford, CT). RR and minute ventilation (MV) were measured with a pneumotachograph (Heated Pneumotachometer; Hans Rudolph Inc., Shawnee, KS) and a differential pressure transducer (MP45-871;
Validyne Engineering Corp., Northridge, CA) linked to a signal integrator amplifier (Gould Instrument Systems Inc., Valley View, OH). All signals were recorded simultaneously on a Gould stripchart recorder (RS 3800; Gould Instrument Systems Inc.) and on a computer using customized CODAS software (Computer Operated Data Acquisition Software, AT-CODAS; DATAQ Instruments, Akron, OH).
Norepinephrine, epinephrine, dopamine, and renin measurements
Venous blood samples were collected from an indwelling catheter in an antecubital vein to measure the plasma norepinephrine, epinephrine, and dopamine concentrations (pg/mL) and plasma renin activity (pg/mL/h). Samples were obtained at the B and H4 time points during P1. Plasma concentrations of norepinephrine were quantified by high-performance liquid chromatography, and plasma renin activity was determined by radioimmunoassay. 9,10
Experimental protocol and procedures
We used an established experimental protocol described by Somers et al. 11 (Figure 1 ). All 31 subjects participated in both P1 (the carotid artery period) and P2 (the brachial artery period). The cardiovascular research laboratory was kept quiet, the temperature was controlled at 22 C to 25 C, and the lights were kept dimmed. All subjects rested in the supine position for !20 minutes after an indwelling catheter was placed in an antecubital vein. All subjects were familiarized with the experimental protocol during the resting period. During P1, measurements were obtained for 5 minutes while the subjects breathed room air (baseline recording) and then for 5 minutes (analyzed in a minute-by-minute format) while breathing the gas mixture (described below) via a mouthpiece, with application of a nose clip to ensure exclusive mouth breathing (acute hypoxia recording). The gas mixture was composed of 10% oxygen in nitrogen, with carbon dioxide titrated to maintain isocapnia. The carotid artery diameter, CBFV, FBF, SatO 2 , EtCO 2 , RR, MV, mean arterial pressure, and HR were recorded at B, H2, and H4. At the end of each recording period (baseline and acute hypoxia), an 8-mL blood sample was collected to measure the plasma norepinephrine and renin levels. After a 20-minute resting period, P2 was started. During P2, the brachial artery diameter and BBFV were recorded using the same protocol as described for the carotid artery measurements during P1.
Statistical analyses
For continuous variables, the minimum and maximum values were recorded and the mean and standard deviation were calculated. Mean values were compared between the control and HF groups using Student's t test, and the paired Student's test was used for comparison between two time points (B vs. H2 and B vs. H4) of the control and HF groups. For categorical variables, the absolute and relative frequencies were calculated. Proportions were compared between the control and HF groups using Fisher's exact test. Values at different time points were compared within the control and HF groups using analysis of variance. Plasma levels of norepinephrine, epinephrine, dopamine, and renin were compared using the paired Student's t test.
A value of P < 0.05 was considered significant. Statistical analyses were performed by an independent statistician using SAS Software version 9.0 (SAS Institute Inc., Cary, NC).
Results
The HF group comprised 14 patients (mean age, 44.4 AE 13.1 years; range, 25-65 years; 12 men, 2 women). HF was caused by alcoholic cardiomyopathy in eight patients, by idiopathic cardiomyopathy in five, and by peripartum cardiomyopathy in one. Nine patients had NYHA functional class II HF, 3 had class III, and 2 had class IV. Fourteen patients were taking digoxin, 12 were taking diuretics, and 13 were taking angiotensin-converting enzyme inhibitors. The control group comprised 17 healthy subjects (mean age, 38.5 AE 8.7 years; range, 25-53 years; 10 men, 7 women). The mean BSA in the control and HF groups was 1.84 AE 0.18 and 1.76 AE 0.17 m 2 , respectively. Neither age nor BSA was significantly different between the two groups. The values of all parameters measured during P1 and P2 at B, H2, and H4 are shown in Table 1 .
Results for P1
SBP, DBP, and mean blood pressure (MBP) were not significantly different among the three time points (B, H2, and H4) in either the control or HF group. SBP was significantly higher in the control group than in the HF group at all three time points (all P < 0.01), but DBP and MBP were not significantly different between the control and HF groups at any of the time points. In the control group, HR increased at H2 and H4 when compared with B (77.76 AE 10.84 vs. 94.77 AE 11.24 and 93.24 AE 10. 27 beats/min, respectively; all P < 0.001). HR was higher in the HF than control group at all three time points (all 29 .62 AE 5.01, and 29.46 AE 5.59 mmHg; all P ¼ 0.003). EtCO 2 was significantly higher in the control than HF group at all three time points (all P < 0.001). The plasma levels of norepinephrine, epinephrine, dopamine, and renin were higher in the HF than control group. The plasma norepinephrine level increased significantly between B and H4 in the control group (267.15 AE 108.20 and 319.92 AE 162.56 pg/mL, respectively; P ¼ 0.016) but did not change significantly in the HF group. The plasma levels of epinephrine, dopamine, and renin were not significantly different between B and H4 in either the control or HF group.
Results for P2
SBP increased significantly between B and H4 in the control group (127.53 AE 13.56 and 135.47 AE 13.68 mmHg, respectively; P ¼ 0.001) but did not change significantly among the three time points in the HF group. SBP was higher in the control than HF group at all three time points (all P < 0.01). DBP did not change significantly among the three time points in either the control or HF group. MBP increased significantly between B and H4 in the control group (91.53 AE 10.57 and 95.00 AE 13.23 mmHg, respectively; P ¼ 0.010) but did not change significantly among the three time points in the HF group. DBP and MBP were not significantly different between the control and HF groups. HR increased significantly over the three time points in both the control group (72.47 AE 8.54, 85.53 AE 8.79, and 87.71 AE 8.67 beats/min; P < 0.001) and the HF group (89.64 AE 10.78, 95.07 AE 9.30, and 98.50 AE 8.62 beats/min; P ¼ 0.003). HR was higher in the HF than control group at all three time points (all P < 0.01). The brachial systolic artery diameter and BBF were not significantly different among the three time points in either the control or HF group. BBF was significantly higher in the control than HF group at all three time points (all P < 0.05). HR did not change significantly among the three time points in either the control or HF group. HR was significantly higher in the HF than control group at all three time points (all P < 0.05). SatO 2 decreased significantly over the three time points in both the control group (96.88% AE 0.60%, 87.53% AE 3.64%, and 84.00% AE 3.87%; P < 0.001) and HF group (95.86% AE 1.70%, 86.57% AE 3.30%, and 83.14% AE 3.39%, P < 0.001). SatO 2 was not significantly different between the control and HF groups at any of the three time points. EtCO 2 decreased significantly over the three time points in the control group (39.47 AE 5.14, 37.87 AE 5.14, and 36.93 AE 4.46 mmHg; P < 0.001), but it was not significantly different among the three time points in the HF group.
Discussion
The main findings of this study are that CSD, CDD, and cerebral blood flow increased during acute hypoxia in patients with HF, but not in control subjects. A previous study of healthy subjects showed that acute hypoxia was associated with carotid artery vasodilation. 12 However, this was not observed in the control subjects in our study. Previous in vivo and in vitro studies revealed that norepinephrine caused vasoconstriction of the carotid artery. 13, 14 In the in vivo condition, several compensating mechanisms might interfere in carotid flow regulation. During the P1 phase of the present study, we found no variation in the arterial pressure or HR in the control group. Notably, this group showed an increase in the plasma norepinephrine level, which could partially explain the absence of vasodilation. Marked hypoxia is needed to induce significant carotid artery vasodilation. 15 Tamisier et al. 16 reported that in healthy subjects, marked and prolonged hypoxia caused initial increases in blood pressure and regional blood flow, but intermittent hypoxia did not cause these changes. In addition, Willie et al. 17 reported that in normal subjects, severe hypoxia (35 mmHg) for approximately 15 minutes increased the vertebral artery diameter and flow by 50% more than the increases in internal carotid artery diameter and flow, with the internal carotid artery being more reactive to hypocapnia. These findings indicate differences in blood flow regulation to the brain stem and cortex according to differences in arterial blood gas parameters. In patients with HF, however, the carotid artery diameter increased during acute hypoxia, which was probably caused by increased regional blood flow. One variable that causes increased regional blood flow is increased blood pressure. The arterial pressure did not change during the P1 phase of the study; however, the HR increased. We know that the compensatory mechanism of regional flow in patients with HF is limited. The arterial pressure was probably not supported by a lower cardiac stroke volume. The HR is likely to have been the only compensatory mechanism to provide for the increase in the patients' brain blood flow. Previous studies have revealed contradictory findings regarding blood pressure responses to acute and intermittent hypoxia. In patients with obstructive sleep apnea, an association was reported between intermittent hypoxia and increased blood pressure. 18, 19 In other studies, acute hypoxia was found to be associated with increased SBP, although SBP normalized with intermittent hypoxia. 2, 20 Another study showed no significant associations between acute hypoxia and blood pressure. 21 Narkiewicz et al. 22 observed no significant associations between hypoxia and mean arterial pressure in either healthy subjects or patients with HF. In patients with HF, regional blood flow decreases in proportion to decreased cardiac output. 23 The reduced blood flow promotes a reduction in the arterial diameter in patients with HF, and in these patients the neurohumoral activation system provides the main compensatory mechanism for maintaining adequate cerebral and coronary blood flow. Ding et al. 24 recently reported that chronically reduced blood flow to the carotid body resulted in augmentation of peripheral chemoreflex sensitivity and consequent activation of the sympathetic nervous system in patients with HF. Therefore, patients with HF had significantly increased neurohumoral activity at baseline, masking the usual increases in serum levels of sympathomimetic amines in response to hypoxia and their potential effects of increasing regional blood flow. There were also no changes in the carotid artery diameter secondary to changes in compliance or distensibility of the artery. Moreover, we observed that patients with HF had significantly increased neurohumoral activity at baseline and that carotid artery compliance and distensibility did not change in response to acute hypoxia. Previous studies have shown contradictory findings regarding changes in compliance and distensibility of the carotid artery in response to hypoxia. 25, 26 Khder et al. 27 found no significant difference in radial artery compliance (measured noninvasively) between healthy subjects and patients with HF. They observed that the diastolic diameter of the radial artery was not significantly different between healthy subjects and patients with HF. A compliant isobaric radial artery, which is not influenced by blood pressure and which reflect the viscoelastic behavior of the arterial wall, is not different between healthy subjects and patients with HF, suggesting that changes in compliance must be attributable to changes in blood pressure. We found that FBF did not change in response to acute hypoxia as analyzed by two methods: venous occlusion plethysmography during P1 and vascular ultrasonography with a high-resolution transducer during P2. However, FBF was higher in healthy individuals than in patients with HF, similar to the differences in CBF observed between these two groups. The absence of brachial artery vasodilation in response to acute hypoxia may be explained by sympathetic hyperstimulation in healthy subjects and by impairment in endothelial vasodilator function in patients with HF. 28 However, the observed vascular dysfunction in patients with HF is probably not caused by impaired endothelium-mediated vasodilation. 29 During P1, the RR increased in patients with HF, and SatO 2 and EtCO 2
